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TORBuironD 


The devices investigated in this study are the first 
high pressure reverse-flo*-: vortex (swirl) chambers devel¬ 
oped primarily for sub-micron particle separation. The 
concept of the svrirl chamber is the direct result of con¬ 
tinuing basic research in the field of two phase flovx, at 
the '.erospacc liesearch Laboratories, under th'^ direction 
of the Chief Scientist, Dr. Hans Von Chain. 

The purpose of this investigation was to test and mod¬ 
ify the existing sv.'lrl chambers, and to obtain the optimum 
chamber for given conditions as presented herein. 
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Abstract 


A high pressure-reverse flow vortex chamber Is a 
device designed for the nuroose of separating sub-ralcron 
particles c:t of a gas flow. The requirements for sepa¬ 
ration of sub-micron particles from a curved flow are 
given, and an equation determining the minimum angular 
velocity necessary for separation In a vortex flow is 
presented. 

Three swirl (vortex) chambers we. tested and modified 
to determine their optimum performance. Results show that 
Inlet geometry, method of injection. Injection nozzle size, 
exhaust diffuser spacing, and Internal chamber dimensions 
are important factors when optimizing chamber performance. 
The testing and modification has led to the evolution of 
a swirl chamber that can develop an overall pressure ratio 
of thirty and a pressure recovery of elghty-flve per cent 
for a chamber Inlet total pressure of 300 pslg. 

The Internal flow pattern of the swirl chamber was 
studied using talcum powder for particles and high speed 
motion picture photography (7,000 frames per second) as 
an aid In observing gross particle movements. 

This study has verified the fact that the swirl cham¬ 
bers are basically capable of separating sub-micron par¬ 
ticles out of a gas flow. 
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EXPERIMENTAL OPTIMIZATION OF THE 
RE^/SRSE-FLOH SHIRL CHAMBER 

I. Introduction 


Back.^i >- md 

The devices investigated In this project were devel¬ 
oped as a possible means of separatin'; sub-micron particles 
out of a sas flow. In iisner*'"', the separation of particles 
from a fluid can be accompllt ed in six ways; they are 
(Ref 2:8-2?): 

1. Entrainment of particles within another 
fluid, as with vrashlng by water sprays. 

2. Filtration, in v:hich a cas containing par¬ 
ticles is passed through fiber filters to 
remove the particles. 

3. Ionization, in which particles are given 
an electrostatic charge and are viithdravin 
from the gas stream by the attraction of a 
charged electrode. 

4. Inertia, which utilizes an abrupt change in 
the direction of the flovr path, 

5. Gravitation, In which there is a sudden reduc¬ 
tion in tiie flow velocity of the gas in which 
particles are Immersed, 
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6 . Centrifugal force, as with the whirling 
.iCtlon of a cyclone separator» 

Cyclone separators, electrostatic -Dreclpltators, and 
other conineroially available separating devices use one or 
more of the above mentioned methods for achieving oartlcle 
separation. Unfortiinately, none of these devices Is capable 
of practical and efficient separation of particles, having 
a size on the order of one micron from fluids with high 
flow rates. 

Since recent advances In technology have placed an 
increasing demand for a method of sub-micron particle 
reparation, numerous studies have been made to find a 
satisfactory method particularly In the field of two-phase 
vortex flow. The feasibility of using vortex flows for 
sub-micron particle separation was studied at the Aero¬ 
space Research Laboratory using low pressure (Inlet pres¬ 
sure ^ 100 pslg) vortex chambers with air as the fluld^ 
and smoke, talcum, or mercury as the Immersed particles. 
These studies Indicated the possibility of using a high 
pressure (Inlet pressure 150 pslg) reverse flow vortex 
chamber (hereafter referred to as a swirl chamber) for 
Eub-mlcron particle separation and consequently led to 
the design and construction of the swirl chambers Investi¬ 
gated In this project. 
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PrlnclT^le of Operation 

The svilrl chambers considered In this lnvestl,':;ation 
use the effect of Inertial and centrlfucal forces on a 
f^as flo*-: to produce separation. To understand the method 
of particle separation It is necessary to recognize that: 

1. The inertia of a particle is a function of 
its volume and density. 

2. The resistance or drag of a particle in a 
fluid is a function of the particle shape 
and size. 

For the case of a spherical shape, the inertia of the 
particle is proportional to the cube of Its diameter, vrhlle 
its flo^c resistance is proportional to the square of its 
diameter. By IIewton*s first law of motion, a particle in 
a moving stream VJill continue to move in a straight line 
unless acted upon by an external force. The continuance 
of this motion is a result of the inertia of the particle, 
VThereas fluid resistance opposes such motion. Thus, if 
separation is attemped by altering the direction of the 
flowing stream, the suspended particles will, by virtue 
of their inertia, tend to continue moving in their origi¬ 
nal direction and not follovr the direction of the general 
gas flow. Hov:ever, due to fluid friction the particles 
will eventually be; forced to conform to the pattern of the 
gas flovr. The greater the particle density and size, the 
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greater the inertia effects (relatively speaking) a.nd 
consequently the better the separation of particles from 
the sas stream. 

From the above discussion it becomes obvious that 
in order to separate particles In a curved floii, both a 
hin:h fluid angular velocity ajid sufficient particle re¬ 
sidence time Klthln the curved flov; are necessary. Since 
excessive perturbations vrithln the fluid tend to cancel 
the centrifugal action of the rotation, a low t^irbulcnce 
level iJithin the curved flow is also required. Thus, 
for a given fluid and particle (type and size) the re¬ 
quirements for sub-micron particle separation In a swirl 
chamber are: 

1. High angular velocity of the fluid 

2. Low turbulence level in the device 

3. Sufficient particle residence tlmj within 
the chamber. 

Since the sv:irl chamber flow consists of a spiralling 
vortex motion, a high angiilar velocity can be obtained 
by maintaining a high pressure ratio between the inner 
core and outer periphery of the vortex flow. Low tur¬ 
bulence level can hopefully be obtained by proper chamber 
design and particle residence time can be regulated by 
varying the geometric dimensions of the chamber. 

In the svjlrl chambers under Investigation, part or 
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all of the fluid is tangentially Injected at an inner 
radius position with a high velocity (See Pig. 1) (Ir 
a manner similar to the Hllsoh vortex tube) and is allowed 
to expand along a diffuser section to an outer radius. The 
fluid continues Its motion with both axial and tangential 
components of velocity along a riootion of constsuit radius 
and is eventually turned radially inward either by a phys¬ 
ical boundary or e. symmetrical flow pattern. The turning 
of the flow forces the fluid to become a sink-vortex flow 
called secondary flow. Eventually, to satisfy continuity, 
the fluid again turns and flows toward the injection area 
where a portion of the fluid leaves the chamber as exhaust. 
The remaining portion of the fluid spirals radially out¬ 
ward (source-vortex) and Is recirculated with the incom¬ 
ing fluid. In the region between the secondary and re¬ 
circulating flow, the flow pattern gradually changes 
from a sink-vortex to a source-vortex. 

In operation, the particle laden gas enters the cham¬ 
ber and follows the pattern previously described to the 
region of secondary flow. The secondary flow phenomena 
causes the fluid and particles to accelerate to high 
angular velocities (assuming a sink-free vortex) causing 
a high concentration of particles near the inner core of 
the chamber. As the fluid and particles flow toward the 
exhaust, the gradual change from a sink-vortex to a 
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source-vortex allovjs the hicjh concentration of particles 
to be recirculated In the chamber, and only a very small 
portion to leave the system as exhaust (hopefully less 
than one part per thousand of the Incomin.'T particles). 

The hl^h concentration of particles (recirculated) tends 
to build-up on the outer radius of the chamber and can be 
removed by allovrln,<;: a very small amount of the fluid to 
exit the chenber at the outer radius (See Flj^s. 2 and 3 
for exits). 

Purnose and Scone 

The purpose of this investisation was to test and 
modify the hl^h pressure swirl chambers to improve their 
capability for sub-micron particle separation. Since the 
injection of sub-nlcron particles into the inlet air flov; 
vrould require the use of a special hi.^h pressure injection 
system, and extremely sensitive measurinr; devices to detect 
the presence of such minute particles, this method V7as not 
used. Instead, a set of parameters woTie selected as a 
measure of the separa-tlns effectiveness of the chamber. 

The reason for usinc these parameters can be found in the 
section entitled "Theoretical Considerations". 

The selected performance factors define the optimum 
chamber as bavins the hisliest: 

1 . » overall pressure ratio—the ratio 
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of the outer '.re.ll jstr'.tic oresouro to the 
r.rrir’.l total orossurc, (See Pi;::. 4). 

2 . » '^roocure recovery—ratio of the 

outer uall ctatic iiirooGuro to the chaaber 
inlet botal pressure (Sec Pi';:, h), 

The Gpcclfic objective of this project iras to obtain an 
optinun chamber by ;-;eomctrical 'nodificationo of the 
original s’.rirl chamberc. 
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I. Desorintlon of '‘'.'ppr.rc.tdn 




In the conrse of thlr: invcntlr^atlon tvro basic hl 3 h 
pressure snlrl chaiiibers ucre tested and modified In an 
effort to obtain optlmnn perfoTinanoo. They nero doslp- 
na.tod the first and second generation chairbcrs to note 
the order of their tcctiuc snd dovclopnont. In the first 
ceneratior chr^nber the fluid nas injected a.t a single 
ra.cius, T:hllc in the second generation eha^nber the fluid 
uas injected at four radii. The cross-ccetlon assembly 
drahln.^s of the first and second generation chanbers are 
sho’-m in Pi^s. 43 and 40 respectively. The first 3 ener~ 
a.tlon dual coll chenber ’ra.s modified to obtain a single 
cell chamber for additional testing and visual inspection 
of the internal flon pattern. The visual single cell 
cuirl choinber (vrith plepi^lass trindotr) is sho'.ni in Pi^. 50. 
The dual cell chanber is characterized by inlet sections 
at both ends of the chamber, irhcreas the 5in:::le cell cham¬ 
ber has only one inlet section. The noncnclature used to 
Identify the components of the first and second generation 
chajnbcrs are shovm In Tables I and II. Sone of the com¬ 
ponents referenced in the above tables are the nozzle 
rin^s, radial diffusers, and chamber inserts. 

The three nozzle rin.ps used mlth the first p;eneration 
chamber have el^ht convergent nozzles per rlnc vrlth a 
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throat diameter of l/l6 in, 3/32 In, or 1/8 In. A 1/16 In 
hole diameter nozzle rim; is shown In PI?. 51. The mul¬ 
tiple nozzle housing for the second generation chamber 
has twenty-four 1/16 In convergent nozzles arranged In 
groups of six at four different radii as shown In Fig, 52. 

The blank, bleed, and crank diffusers are shown In 
Pigs. 53* 5^» and 55$ resnectlvely. The blank diffuser 
Is essentially a flat elate while the bleed and crank 
diffusers have a concentric ring which allows a portion 
of the exhausting fluid to leave the chamber In an axial 
direction. The distance between the radial diffuser and 
the admission chamber (diffuser gap spacing) is determined 
by the gaskets used between the two components for the 
blank and bleed diffusers. The diffuser gap spacing 
for the crank diffuser is not fixed by the gasket thick¬ 
ness and the spacing Is varied by turning the diffuser 
clockwise and counter-clockv/lse. 

Chamber inserts for the first generation chamber 
are right circular cycllndrlcal shells having a 3 9/16 in 
ID and a length from 2 j/l6 in to 6 3/16 In. The positioning 
of three different length chamber Inserts are shown In 
Pigs 56, 57, and 58. 

Pressure and temperature tap location for the first 
and second generation chamber are shown schematically 
In Pig. 4. The exact location can be determined in Pigs. 

48 and 59 for the first generation chamber. Pressures 
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were obtained from calibrated bourdon or bellows ^ages 
(maximum error +2<), Temnerature measurements were ob¬ 
tained using calibrated Iron-constantan thermocouoles 
(maximum error +3°F). Mass flow rates were deterralned 
with the use of calibrated venturis. The air was sucplled 
by the Aerospace Research Laboratory at 3,000 pslg after 
It had been dried to an average of -65®P dewpoint by an 
absorptive drier. The Instrumentation and tynlcal test 
apparatus are shown In Pigs. 5 ahd 6. 

Sneclal axial orossure probes (See Pig. ?) were used 
in an attemot to determine the axial oressure profile In 
the first and second generation chambers. 
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One of the require:.ts for snb-r.lcron qortlcle j?cpn- 
rr.tion in c. voi-te:: flov: 1 g r hiqh o.nnulnr velocit;’'. To 
dctcr:.ii'ic t’.ie au;:nitudc of this rotr.tlonr.l velocity m 
r /1 ■)ro::ir'.r'tc dcrive-tlon Ig included In the next sub-scction 
entitled ’’"Inlauu ?.otetionr.l Velocity for 3epe.rr.tion,” 

Gince the rotetlr e.l velocity cennot be ncuGured directly 
in the preGcnt chenberc end, therefore, UGcd r.G r. perfor- 
nr.ncc nr.rr..uetor, ti.^o prec.r.ire rr.tioG v.’ei'c selected r.s 
.ucr.Gurc of the c-ienbcrs* perfor.uejice. The rcr.Gons for 
the rote.tlonr.l velocity’' cr.:i bo found in the sub-Gection 
"I’crfornr.ncc Pe.re.notere.•' The finel sub-Gootion de-els 
nrlnerily nith the nethod of injection end Justifies the 
Gcloction of inner rediiis injection for sub-.uicron per- 
ticle ccpt.retion. 

Mjnlnun r.otetionel Vcloclt.v for Generetjon 

For perticlc scpr.rr.tlon in e curved flow it is decir- 
r.ble to have r. neens of ectinr.tinc the required nininuu 
rotr.tionr.l velocity. In order to obtr.ln an analytical 
e;:tinate of the rotational velocity, sinllarity consider¬ 
ations ncrc used for laminar flovi a^ith uerturbatio'.iG in 
the fluid. 

For a lanina.r .pas flon v;lth the drift Pe < 1 (based on 
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pr-rticle drift velocity), Stoke*s equation for droc on a 
spherical particle Iss 

( 1 ) 

rieferrin" to Fi". 3 and 3 umi?^r; forces in a direction 
normal to the path of the narticle yields: 


3ir>.WD = ^ (=) 

2q (2) can be simplified to yield an e::pression for the 
anpular velocity, 


tJjV»«vc U.»W 
K p ^ ^ 


3q (3) can be ro-viritten in the form 



iTp 

VL O' !>*• 


(3) 

<!!*'» 

Ca 7 = VX/K 




If separa.tion of the particles from the flon is to be 
attained, the perturbation velocity (Vp) must be less 
than the particle drift velocity ("W). ''n estimated 

value of the ratio of drift to perturbation velocity is: 


Tftr/nTp >■ a.5 


(F.cf, Dr. Von Chain) 
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Since the turbulence level ) at any particular time 

in the present device is difficult to uredict, a lov/er 
limit vrhich vrould clve the mininun necessary rotational 
velocity (based on cyclone separators) is: 

'Up /u cc 0.04- 


Substitutinj in the values for the turbulence level ajid 
drift to perturbation velocity ratio into Scj (4) yields 


CO 3?- I. 8 


O' T)** 


/ 

\ 


5) 


If the type and size of particles are knovm, and the vis¬ 
cosity of the fluid is also knovm, then Sq (5) 3 ives an 
estimate of the minimum rotational velocity required for 
separation for a. lo^* turbulence level of 4,^. 

Performance ?ara.neters 

Overall Pressure Ratio , The overall pressure ratio, 
is used a.i a performance parameter indicating the 
magnitude of the angular velocity. The assumption made 
in usln^; this parameter is that the hl.^^jher the pressure 
ratio the lar.per the angular velocity. In ceJ^cral, if the 
inlet pressure to the chamber is increased the mass flovj 
and overall pressure ratio are Increased; therefore, to 
satisfy continuity the flou must accelerate to hlsher 
oji^lar velocities especially at the smaller radii near 
the core of the vortex. 
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The selection oi’ the outer tTr.ll static pressure, Pj, 
for defining "both the overall pressure ratio and pressure 
recovery nas based, on calculations assumlnc Isentroplc and 
free vortei: flou fron the Inlet nozzles to the outer radius. 
The calculations resulted In a difference In static and 
total pressure (at the outer wall) of less than 5/^ for 
inlet nozzles In a choked condition and a. cha-uber Insert 
of 3 9/l6 Inches dlaneter. 

Pressure Recovery . The so called pressure recovery, 
used as a performance parameter to Indicate the 
efficiency of conservation of fluid energy. The importance 
of having a hlch pressure recovery is obvious in that the 
larser the pressure recovery, the hl~her will be the outer 
vrall static pressure. If the outer wall static pressure 
is Increased, then with other conditions held constant, 
the pressure ratio Increases, which, from our previous 
discussion Induces higher angular velocities. 

Ilcthod of Infection . In an outer radius injection 
vortex chamber (3ce Fi!::. 9)$ the magnitude of the radial 
flow occurlnp in the boundary layer on the chamber walls 
has been found to be of the same order of macnitude as 
the local external (l.e., outside the boundary layer) 
tan:;entlal velocity (Fef 3*7)* Thus, If efficient par¬ 
ticle separation (l.e., removal of most of the particles 
before they exhaust) Is to be obtained, it is desirable 
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to ellninnte the im7p.rd radial velocity component of the 
flon In the region near the erchaust. If one considers 
a device In vrhich the fluid and particles are Injected 
tangentially at an outer radius (See 9)» the bound¬ 

ary layer bull.dup on the chanber nails, coupled vjlth the 
radial innard velocity, tra,nsport the particles alone the 
outer vralls and eventually out the erhaust. The amount 
of fluid that leaves the chanber through the boundary 
layer has been found to be approximately three-fourths of 
the total mass flovr through the chajnber, and more important, 
as the total ma.ss flow Is Increased, the boundary layer 
flow becomes proportionately lar:;er (Ref 359 c*.nd 4tl7). 

As a result of the boundary layer transportI'.if: a lar.^e 
remount of fluid, the fluid In the inner repion of the vor¬ 
tex chamber tends to revolve as a rlsid body and thereby 
redvtce the rotational velocity. The particles which are 
centrifuged to the outer wall are transported out the 
exhaust In the boundary layer vrhile the panrticles near 
the central core are carried out the exhaust by the a:clal 
component of the flow. The net result of the flov; pattern 
is to remove the particles from the system. 

To reverse the flovr pa.ttern on the outer walls and 
eliminate the inward radial velocity In the vicinity of 
the exhaust, the present 3v;lrl chambers under Investiga¬ 
tion were desi:pied to Inject all or part of the fluid at 
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a small radius (approximately one-half inch). 3y Inject¬ 
ing tan^^entially at this small radius the flovx pattern 
within the chamber is reversed on the outer boundary as 
compared to the vortex devices previously described (com¬ 
pare ?ls. 9 with Pis. 1), Besides creatlns a spiral vor¬ 
tex (slnlc-vortex) in the reslon of the seometrlc axial 
center of the chamber, an additional flow pattern which 
is called recirculating flovr is Induced ns shown in Pis. 1. 
■The advantage of the recirculating flovr pattern lies In its 
ability to transport the particles from the central axial 
region of the chamber to the outer wall where they can be 
recirculated (travel the same path as vrhen originally 
injected) or collected and exited out of the chamber. 

In a confined free vortex gas flow It can be shovm 
that the friction loss is inversely proportional to the 
square of the radius, and the energy loss Inversely pro¬ 
portional to the cube of the radius. As a result, the 
injection of a fluid at a small radius is inherently 
Inefficient, in that, a considerable amount of fluid 
’clnetlc energy is dissipated overcoming frictional forces. 
This energy dissipation is incurred when the fluid dif¬ 
fuses to a larger radius In the process of developing 
secondary and recirculating flow patterns, 

Por efficient particle separation and low energy loss 
due to friction it becomes apparent that "scheduled" in- 
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Jection—a nethod of In,lectin:; the fluid at several 
radii—nust be used. The amount of fluid injected at the 
smaller radii should be Just sufficient to maintain the 
reverse f on pattern, uhile the greater mass flow should 
be injected at lar^jer radii so that friction losses are 
kept to a nlnlmura. 
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IV. Experimental Program 

The primary objective of the experimental work was 
to Increase the overall pressure ratio and pressure re¬ 
covery and to determine their variance with changes In 
the ratio of the exit to inlet mass flow rates (mass flow 
ratio). Changes In the Internal geometry were made In 
order to try and Improve the chambers* pressure ratios. 

In addition, attempts were made to determine the approxi¬ 
mate flow pattern within the swirl chambers using axial 
pressure probes and visual techniques. 

In order to obtain a systematic approach In evaluat¬ 
ing the high pressure swirl chambers, the investigation 
was divided into three peortsi 

1. Qualitative analysis 
?. Quantitative analysis 
3. Plow visualization 

The pressure ratios (l.e., the overall pressure ratio and 
pressure recovery) were determined as a function of the 
exit venturi differential pressure for the qualitative 
tests, and as a function of the mass flow ratio (exit 
to Inlet mass flow rate) for tne quantitative tests. 

This constitutes the major difference between the two 
analyses. Since an extensive amount of testing was planned, 
a swirl chamber code was developed to facilitate Identlfl- 


0- 
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c:^tlon of the vr.riou.s tests aloiic viith their results. The 
identification code Is czcnlalned In 'noendlx 3, 

^ur.lit nt lye Innlysis 

In the qur.litr'tlve njir.lysls, onlj'' the first Teneratlon 
Gv:lrl chnnbcr v:s.g tested usi'cs l/l6 in dlr.nieter nozzles 
and chsinber total inlet pressures of 225 pci" and 300 
psl-ij. For each inlet pressure, the pressure ratios, i.e., 
pressure recovery and overall pressure ratio, uere detcr- 
-•nined as a function of the e::it venturi differential pres¬ 
sure, A Py . flovr diajjran of the apparatus used in the 
qualitative analysis is sho’.m in Flf,. 10, 

Since chamber performance is based on the numeriCcal 
nacnltude of the pressure ratios, numerous peonetrlcal 
chamber modifications i:ere nrile to IncreOvSe their values. 
The peonetrlcal changes made are: 

1. Variation of the fluid emit location ulthin 
the chamber (?i.^, 2 and 3). 

2. "odlflcations of the inlet »seometry vrlthln 
the chamber (Fif;. 11). 

3. Changes in the diffuser spacln," vzlthln the 
chamber (Pip. 11). 

Chaivpes in the type of radial diffuser. 
Modifications vrhich increased the pressure ratios uere 
incorporated into all subsequent tests in this project. 

In addition to the cjso^-etric changes, perturbation studies 
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were made using a solid one-quarter Inch stainless steel 
rod inserted radially into the chamber at the center disc 
flange. 

Prior to the commencement of the first qualitative 
analysis test run the exhaust nose lip (See Pig. 11) 
was removed to prevent choking of the fluid. Removal of 
the lip was necessary because the total cross sectional 
area (between the nozzle ring and the exhaust nose lip) 
was less than the total nozzle Inlet area. 

Chamber Insert Location . The chamber Inserts were 
placed In two positions (See Fig. 2 and 3) In an attempt 
to determine the Influence of the fluid exit location on 
the pressure ratios. The pressure ratios were determined 
as a function of the exit venturi differential pressure. 

Modifications In the Inlet Geometry . Variations In 
the Inlet geometry were made In five steps and are shown 
In Fig. 11, The modifications were: 

1. Nozzle holes reamed and polished. 

2. Lips on the nozzle ring half removed, 

3. Lips on the nozzle ring completely removed, 

4. Nozzle ring taper Increased. 

5. Exhaust cylinder nose shortened. 

Inlet geometry modifications which resulted in increased 
values of the pressure ratios were Incorporated into all 
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subsequent tests. 

Diffuser Spacing . The diffuser spacing (See Pig, 11) 
was varied to determine the spacing i:hat would give the 
optimum overall pressure ratio ana pressure recovery. 

Radial Diffusers . All previous tests were accomplished 
using bleed diffusers (See Pig. 54). In this phase of the 
investigation a blank (no bleed) diffuser (See Pig. 53) 
was tested^ using various diffuser spacings, to determine 
if the blank diffusers could obtain pressure ratios that 
were comparable with the bleed diffusers. 

Probes Inserted Radially into the Chamber . The object 
of this study was to determine if the chamber flow, after 
being disturbed by a radial probe, would returjx to the 
initial conditions^ The initial conditions were those 
values of pressvire recovery and overall pressure ratio 
prior to dlstxirblng the flow with a radial probe. The 
probe was inserted radially at the center disk flange by 
drilling a special tap for this purpose. 


Quantitative Analysis 

In the quantitative analysis, both the first and 
second generation swirl chambers were tested. The over¬ 


all pressure ratio and pressure recovery were determined 
as functions of mass flow ratio (wie/^j,)* The majority 
of testing was accomplished by varying the exit mass flovr 
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rr.tc VThlle >*olc'.i;Vj the tot.e.l inlet -^I'ccsnrc constr.iit r?.t 
either 225 or 3^0 ncl^, echo’ee.tic of the flov; 

c]ir.crr.n for the qur.'ititcitive enolysls is shoim in ?i';. 12, 

The studies c/f the first ^encretion chs-Tiber included 
che.n::inq the :'iO'5'-<;le diameter size mid chamber inserts. 
Additional data vra.s obtained on a cinc:le cell suirl ciirii- 
ber (See ?i”. 18), 

Only three runs i:oro made usin,-; the second generation 
s’.Tirl chamber. 

iTozzle Diame ter Ch ange s. Iloaifications in the inlet 
nozzle cross sectional area n’ere restricted to the first 
"onoration chamber, 'he nozzle hole diameters tested 
mere 3/32 in and 1/3 in. ?or each.of the tmo nozzle diameters 
tested, the diffuser spa.cinr: was varied until the .•narimun 
pressure ratios were obtedned. The two nozzles tested in 
the quantitative analysis and the l/l6 in hole nozzle 
rirps used in the qualitative analysis are shown in Fi^. 14. 

Siixgle Cell Sv7irl Cb.cmbor , Only the first generation 
type chamber was used in the tr atln,y of the sir^qle cell 
chamber. The nozzle size selected for use in the single 
cell chamber was based on the optimum pressure ratios 
obtained in the dual chamber. The data obtained on the 
single cell chamber was compered to a dual svrlrl chamber 
eporatin:; under the same inlet conditions. The external 
vievj of the sinyle cell chamber is chOTm in Fiq. 13• 
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Chambe r Insert Size . In all previous experiments a 
3 9/16 In ID X 2 3/16 In long chamber Insert was used 
("g" insert). The testing that was conducted by varying 
chamber Insert size was restricted to the first generation 
chamber. Originally, nine Insert sizes were proposed for 
testing (See Appendix B); however, only three different 
lengths were tested (g, h, and 1 Inserts). The remain¬ 
ing Inserts were not tested because the overall nressure 
ratio, as defined in this report, loses its significance 
fer small diameter chamber Inserts (the outer wall static 
pressure is not within 5^ of the outer wall total pres¬ 
sure). The Inserts tested are shown In Fig. 15. The 
assembly drawings are shown In Pigs, 56 to 5^ and the 
physical chambers are shown In Pigs. l6 to 18, 

Second Generation Chamber . The second generation 
multiple nozzle housing and physical chamber are shown 
In Pigs. 20 and 21 respectively. Testing of the chamber 
was ar oompllshed by first optimizing the overall pressure 
ratio at a mass flow ratio of 0,50 to obtain a basis of 
comparison between the various tests. The overall pres¬ 
sure ratio was optimized by adjusting the crank diffuser 
(See Pig. 19 for the bleed, crank, and blank diffusers). 
Upon optimization, the pressure recovery and overall pres¬ 
sure ratio were determined as functions of the mass flow 
ratio. The data was obtained for total Inlet pres- 
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sures of 225 pslc and 300 psig usin^ a 9/64 In diameter 
center pressure tap (P,^ ). Since a pressure gradient 
was expected across the tap, additional tests were con¬ 
ducted using a 0.04? in diameter center pressure tap. 

The tests using the 0.04? in tan were performed using a 
constant mass flow ratio of 0.50, while varying the total 
inlet pressure (0—350 psig). Analogous data vias obtained 
using the 9/64 in center pressure tap to determine the 
effect of the pressure gradient on the overall pressure 
ratio. 

Flow Visualization . High speed motion pictures 
(7|0'‘0 frames per second) of the Internal flovr, on a 
solid plexiglass boundary in a single cell visual cham¬ 
ber (See Pigs 22 and 50)i were taken for total inlet 
pressures of 100 psig, 200 psig, and 300 psig. The 
fluid flow patterns vrere made vlsable by injecting tal¬ 
cum powder at an axial sub-atmospheric oressure position 
in the chamber. 

Axial Pressure Probes . During the course of test¬ 
ing attempts were made to obtain axial static and total 
pressure profiles in the first and second generation 
dual cell chambers. The probes used are shovm schemati¬ 
cally in Fig. 7. 
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V. Data Reduction 

In the qualitative analysis the pressure recovery 
and overall pressure ratio were computed as functions 
of the exit venturi dlff rential pressure. In the quan¬ 
titative analysis the pressure ratios vjere computed as 
functions of the mass flow ratio The mass flow 

rate equation can he derived usin^- the equations of con¬ 
tinuity and perfect sas, the definition of the coefficient 
of discharge, and the assumption of Isentropic flow to 
yield (Hef l:i!-7-48) 


u>h «ve; KE ^ \l I - 



k-v 



Sq (6) was used to calculate the chamber inlet and exit 
mass flovr rates. Simplification in the mass flow rate 
calculations was made by plotting K vs V" and is shovm 
in Fi.c;. 23. The dlschar/je coefficient was assumed to be 
constant at 0.975 because ventvirl calibration indicated 
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the coefficient varied from approximately 0.9’72 to 0.9B1 
for the ran^e of testln;^. 

The visual Investl^'atlon consisted of the evaluation 
of approximately 12,000 individual frames of hlsh speed 
motion pictures. The evaluation of the high speed film 
vras made to determine the radial depth to which the par¬ 
ticles could penetrate, and to obtain some ir.slght into 
thr phenomena of gross particle movements inside a svjirl 
chamber. 
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VI. Results and Discussion 

The experimental results of this Investigation are 
presented In Pigs. 24-4?, The qualitative, quantitative, 
and flow visualization analyses are shown In Pigs. 24-35i 
36 - 44 , and 45-4? resoectlvely. The graphical data of the 
above curves can be found In Appendix B, Each curve Is the 
result of a minimum of two test runs. Por purp'* -es of 
clarity each of the areas of investigation is iSldered 
separately and In chronological order. 

Qualitative Analysis 

The results of the qualitative analysis show the 
overall pressure ratio could have two values at a given 
exit venturi differential pressure, , depending on 
whether the exit mass flow rate was being increased or 
decreased. This hysteresis effect in the overall pressure 
ratio appears in the majority of the qual? tati^'e tests 
where the exit mass flow rate was Increased and decreased. 
The hysteresis effect Is only shown In Pigs, 24, 26, and 
28 . It Is not shown In the subsequent overall pressure 
ratio curves to avoid crowding of the graphs. The detail 
graphical data curves can be found In Appendix B. 

Chamber Insert Location . The effects of chamber 
Insert location on the performance parameters can be seen 
In Figs. 24-29. The overall pressure ratio for the two 
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exiting positions Is shown is Pig. 24, while Pig, 25 shows 
the pressure recovery. The influence of chamber Inlet 
pressure on the performance narameters is shown In Pigs. 

26 and 27 for the first exiting method, and in Figs 28 and 
29 for the second exiting method. 

For a chamber Inlet total pressure of 225 oslg. Pig. 

24 shows the first exiting method has a maximum overall 
pressure ratio of approximately 9.8 while the second exiting 
method has a maximum of 8,2, However, the hysteresis 
effect Is more pronounced for the first exiting method. At 
= 21,75 psl, the overall pressure ratio can ue either 
5.6 or 4,3 depending on whether the exit mass flow rate 
Is Increasing or decreasing. If the chamber Is Initially 
tested from a fully closed to open position (l,e,,^iPv Is 
Increased from 0 psl to 21,75 psl), the overall pressure 
will be 5*6 at the full open position. Now, if the system 
(chamber) Is allowed to remain at the high APy value (21,75 
psl) for a period of time greater than ten seconds, the center 
pressure (P,^ ) gradually Increases until the overall pres¬ 
sure ratio drops from 5-6 to 4.3, at which point the system 
Is In equilibrium (no change). Since the hysteresis effect 
was extremely pronounced at the low inlet pressure (225 pslg) 
for the first exiting position, the second exiting method 
was tentatively selected for subsequent testing. 
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It can be seen from Pig. 25 that pressure recovery 
Is not Influenced by the fluid exiting method. As shown in 
Pigs, 27 and 29 , the pressure recovery Increases slightly 
(approximately yi) in a wide range of for the higher 
inlet pressure. The slight increase is due to a large 
amoTont of fluid being available to overcome the frictional 
drag In the system. 

The effect of Inlet pressure on the overall pressure 
ratio for the two exiting positions can be seen In Pigs, 

26 and 28. The Increase In the Inlet total pressure, 
tends to minimize the hysteresis effect and Increase the 
overall pressure ratio. The maximum overall pressure 
ratio for the first and second exiting methods, at an 
Inlet pressTire of 300 pslg, was 13.35 and 14.50, resoec- 
tlvely. The decrease In the hysteresis effect at the 
higher inlet pressure tends to Indicate that hysteresis 
Is primarily due to Insufficient fluid within the chamber, 
which results In fluid attachment and/or detachment on 
the chambers internal walls. It thus appears that the 
fluid attachment (or detachment) causes the flow pattern 
to change In such a manner to cause the region of second¬ 
ary flow to shift In an axial direction. 

Since the maximum overall pressure ratio was higher 
(for the 300 pslg Inlet total pressure) for the second 
exiting position, the pressure recovery was not Influenced 
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by the exiting position, and the hysteresis effect was 
less for the second exiting position (for = 22$ pslg) 

this exiting position was selected for all subseqvient 
testing. 

Inlet Geometry Modifications . The effect of the inlet 
geometry modifications on the overall pressure ratio and 
pressure recovery are shown In Pigs. 30 and 31* respec¬ 
tively. The curves are for an Increasing exit venturi 
differential pressure with a chamber total Inlet pressure 
of 225 pais* The detail graphical data showing the hys¬ 
teresis effect and the 300 pslg chamber total pressure 
curves can be found in Appendix B. Neither the hysteresis 
effect nor the 300 pslg curves are shown In the results 
because the trends are essentially the same as described 
In the section "Chamber Insert Location." 

All Inlet geometry modifications except the curve 
for nozzle ring lip completely removed are shown In Figs. 

30 and 31* (See Fig.11 for Inlet geometry modifications). 
The results of the above modifications were not plotted on 
Pise* 30 and 31 to avoid any additional obscurement of 
the curves. The nozzle ring lip completely removed curve 
Is approximately half way between the nozzle ring lip 
half removed and the nozzle ring taper Increased curves. 

The first four modifications of the inlet geometry 
led to an increase In the overall pressure ratio r./id pres- 
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sure recovery In the range of the exit venturi used In 
testing. The maximum overall pressure ratio Increased 
from 8,20 to 13*85 while the oressure recovery increased 
from approximately 0,322 to 0.392t The increase of the 
oressure ratios is due to minimizing the wetted-area at 
small radii and to decreasing the nozzle injection losses 
by increasing the nozzle taper. Minimizing the wetted area 
at small radii increases the pressure ratios because the 
power losses due to friction in a free vortex are inver¬ 
sely proportional to the cube of the radius. Decreasing 
the nozzle injection losses primarily allowed a higher 
mass flow rate which in turn tended to raise the pres¬ 
sure ratios (see discussion in the section entitled 
"Chamber Insert Location"). 

The fifth inlet geometry modification (l.e., exhaust 
cylinder shortened) decreased the maximum oressure recovery 
from 0.392 to 0,382 while the maximum overall pressure 
ratio increased from 13*85 to 14.00. For and 

AP^>10 the fifth modification's overall pressure ratio 
falls to values below that of the fourth modification 
(msixlmum, approximately 14$^). The decrease in both pres¬ 
sure ratios tends to indicate secondary flow phenomena 
occuring in the injection area (l.e,, the fluid tends to 
leave the chamber immediately after injection). Thus, 
the only advantage the fifth modification has compared 
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to the fourth modification la a higher maximum overall 
pressure ratio at , If the peak of the overall 

pressure ratio curve can bo shifted from A'Py = 0 to 
some larger value ( ), the overall performance of 

the fifth modification should be approximately equal to 
or greater than the performance for the fourth modifi¬ 
cation. Since higher mass flow rates Into the system 
(chamber) were expected to cause the shift, and higher 
mass flow rates were planned for the quantitative portion 
of this investigation, the fifth Inlet geometry modifi¬ 
cation was used in all subsequent tests. 

Diffuser Spacing . Pour changes in the diffuser 
spacing were made to determine the spacing that would five 
the highest possible overall pressure ratio and a re .a • 
able value of pressure recovery. The pressure recovery 
becomes secondary in importance because an increase in 
the pressure recovery generally tends to decrease the 
overall pressure ratio If the diffuser spacing is properly 
varied. Since the overall pressure ratio Indicates the 
magnitude of the rotational velocity (l.e., the higher 
the overall pressure ratio the higher the rotational 
velocity), and since a high rotational is required for 
sub-micron particle separation, the overall pressure ratio 
becomes the deciding parameter in the experimental analysis 
to determine the optimum diffuser spacing. However, under 
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actual operating conditions It may be possible to Increase 
the pressure recovery and thereby lower the overall pres¬ 
sure ratio If a lower rotational velocity can efficiently 
separate the particles from the fluid. Under these con¬ 
ditions the conservation of fluid energy becomes equally 
Important us the rotational velocity. Thus, under actual 
operating conditions the optimum spacing depends on the 
size, type, and density of the particles. 

The four diffuser spaclngs tested were 1/8, 1/16, 

1/32, and 1/64 in. The results of the testing are shown 
In Figs, 32 and 33. The curves are for an Increasing 
exit venturi differential pressure suid a chamber inlet 
total pressure of 225 pslg. 

The maximum overall pressure ratio was approximately 
14.50 for a 1/16 In diffuser spacing. For psl, the 

1/16 in spacing gave the highest overall pressure ratio 
while for APy>6 psl, a 1/32 In spacing gave the highest 
overall pressure ratio. The change from the 1/16 In to 
1/32 In spacing tends to Indicate that the chamber volume, 
exhaust mass flow rate, and diffuser spacing are related 
to the highest overall pressure ratio. The exact relation¬ 
ship between these variables was not determined in this 
Investigation because a trial and error procedure could 
quickly determine the diffuser spacing which gives the 
highest overall pressure ratio. Thus, Fig. 32 shows that 
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diffuser spacing must be gradually decreased as the exit 
mass flow rate Is Increased to obtain the highest possible 
overall pressure ratio. The pressure recovery for the 
four diffuser spaclngs Is shovm In Pig. 33* 

In general. If the diffuser spacing Is decreased 
from the optimum position (highest possible overall pres¬ 
sure ratio), the pressure recovery increases while the 
overall pressure ratio decreases (See Pigs 32 and 33)• 
Decreasing the spacing from the optimum position is 
equivalent to choking the flow in the chamber (insufficient 
exhaust area). If the spacing is Increased beyond the 
optimum position, both pressure ratios decrease. The 
decrease of both pressure ratios tends to Indicate second¬ 
ary flow occurlng near the injection area. 

Radial Diffusers . All previous tests, to this point, 
were made using bleed diffusers. In this series, blank 
diffusers were tested to determine if the pressure ratios 
produced were comparable to those produced with the use 
of bleed diffusers. The diffuser spacing for the blank 
diffusers was vscrled imtli the highest overall pressure 
ratio was obtained. The results comparing the blank and 
bleed diffusers are shown in Pigs. 3^ and 35. The curves 
are for an increasing exit venturi differential pressure 
and a chamber inlet total pressure of 225 pslg. 
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The trends of the blank diffusers are similar to the 
trends previously described in the result section entitled 
’•Diffuser Snacln,'?" for the bleed diffusers. The maxlminn 
overall pressure ratio for the blank and bleed diffusers 
was aporoxlmately 7.50 and 14.50, respectively. The 
maximum pressure recovery was approximately 0.400 for the 
bleed diffusers and 0.370 for the blank diffusers. The 
hlj;hest oressure ratios for the bleed diffuser remained 
substantially hlf^her over the entire range of the exit 
venturi used in testing (See Pigs. 34 and 35)• Since the 
use of the blank diffusers resulted In a sv^ibstantlal 
reduction In both pressure ratios, the bleed diffusers 
viere once again used on all subsequent tests. 

The reduction in the nressure ratios is probably 
due to the formation of a back flow Into the chamber 
from the diffusers face (l.e,, the flow travels from 
the center of the diffuser face in an axial direction 

r 

toward the geometric center of the center disk flange, 
at which point, the flow turns 180° and travels in the 
direction of the exhaust). The formation of the back 
fxovr Increases the center axial nressure, P,t , and nos- 
sibly allows secondary flow to occur in the injection 
region. The increase In the center axial pressure de¬ 
creases the overall pressure ratio while the secondary 
flow decreases the pressure recovery. 
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The back flow could be caused by the tendency of 
the air to flow from a region of high to low pressure. 

The bleed diffuser, which allows a portion of the exhaust¬ 
ing gas to leave the chamber In an axial direction, min¬ 
imizes -he back flow tendency and thus the higher pres¬ 
sure *atlos. 

Radial Probing Into the Ghambei- . In all tests made 
using the stainless steel probej there v/as no observed 
loss or change In the pressure ratios after the removal 
of the probe. Thus, If extreme turbulence Is Introduced 
Into the chamber during actual particle separation oper¬ 
ation, the chamber will fully recover after the removal 
of the turbulence inducer. Since the system fully and 
Instantaneously recovered (no noticable time lag) In 
all tests, the data representing the probings Is not pre¬ 
sented . 

Quantitative Analysis 

The results of the qualitative testing Indicated 
higher pressure ratios could be obtained by Increasing 
the mass flow rate Into the chamber. They further 
indicated that the diffuser spacing had to be adjusted 
for different inlet mass flow rates t<^ obtain the highest 
overall pressure ratio. Thus, In the quantitive analysis, 
the mass flow rate Into the chamber was Increased by chang¬ 
ing the nozzle size, and, at the same time, the bleed 
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diffusers were adjusted for the highest overall pressure 
ratio. The results cf the quantitative Investigation show 
that hysteresis comuletely disaopeared wit- the use of 
higher mass flow rates and, the injection nozzles were 
not choked (sonic) In all tests (see the quantitative 
GA^nhlcal data curves for the Inlet mass flow rates In 
A,jf.dndly B). Since Increasing the chamber Inlet pressure 
Increased the oressure ratios In a manner previously dis¬ 
cussed, they are not discussed In the quantitative analysis 
for the first generation swirl chamber. The detail graph¬ 
ical data curve for the higher Inlet pressure (300 pslg) 
can be found In Appendix B, 

Nozzle Diameter Changes . Tne test results for the 
3/32 In and 1/8 In nozzles are shown In Pigs, 3^ and 37* 

The curves sh ;wn In the above mentioned figures are for a 
chamber Inlet pressure of 225 pslg and Increasing or de¬ 
creasing exit mass flow rates (no hysteresis). They 
re; ”esent the maximum overall pressure ratios that can 
be obtained by varying the diffuser spacing for the 3/52 In 
and 1/8 In nozzles. 

The maximum overall pressure ratios for the 3/32 in 
and 1/8 In nozzles were approximately 23.10 and 15.90, 
respectively. They occurred at mass flow ratios, m,/m^, 
of approximately 0.32 for the 8/32 In nozzles and at 
0.48 for the 1/8 In nozzles. The shifting of the max- 
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Imum ■/■'.'erall pressure ratio pesic, for hl<?her inlet mass 
flow rates, is as expected as mentioned in the qualitative 
analysis. The decrease in the maximum overal] pressure 
ratio is possibly due to a weaker free vortex inside the 
chamber (l.e., a lower rotational velocity). It appears 
that the weaker vortex is orlmarlly caused by choking of 
the fluid inside the chamber because of insufficient exit 
and exhaust areas. Thus, if the maximum overall pressure 
ratio is desired for a oartlcular chamber, the nozzle 
hole size must be matched to the geometric dimensions of 
the chamber. 

Under conditions of insufficient chamber volume, 
exit and exhaust areas, the maximum pressure recovery 
increases as the maximum overall oressure ratio decreases 
(for two different nozzle sizes in identical chambers). 
This is verified by Pig. 37 where the maximum pressure 
recovery is approximately 0.82 for the 1/8 in nozzles 
and 0.68 for the 3/32 in nozzles. 

Since the pressure recovery is above 50^ for mass 
flow ratios less than 0 . 50 , it was arbitrarily decided 
to restrict the ontlmlzatlon in such a manner so as to 
Increase the overall pressure ratio while malntalnlncr 
the pressure recovery above 50"^ for m^/m^ = 0.50. Thun, 
all subsequent tests on the first generation chamber 
were performed primarily to deter.iilne the effect on the 
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the overall pressure ratio. As a result, the 3/32 In 
nozzles were incorporated In the chambers for subsequent 
tests. 

Slnt^le Cell Swirl Chamber . The results for the first 
generation single cell chamber show that the frictional 
losses, due to an additional solid boundary, reduce the 
maximum overall orescure ratio to a value far below those 
obtained for the dual cell chamber (apcroxlmately 65'^ red¬ 
uction). The graphical comparison of the performance para¬ 
meters for the dual and single cell chamber are shown In 
Figs. 38 and 39* The maximum pressure ratios for the 
single cell chamber were found to be 7.70 and 0.580, while 
the dual cell chamber maximum pressure ratios were 23.10 
and 0.688. Thus, If a given overall pressure ratio Is re¬ 
quired for particle separation, the dual cell swirl cham¬ 
ber should be used to sustain smaller frictional losses 
(i.e., conserve fluid energy). 

Chamber Insert Size . The effect the variation In 
cheimbcr Insert length has on the performance parameters Is 
shown In Pigs. 4o and 4l. For these figures It can be seen 
that as the chamber Insert length is Increased, both nres- 
sure ratios decrease. The maximum overall pressure ratio 
for the g, h, and 3 inserts (see Apcendlx B for explaln- 
atlon of letters) were found to be 23 , 10 , 9.60, and 8 . 30 , 
respectively. The maximum pressure recovery for the g. 
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h, and 1 Inserts were found to be 0.688, 0.580, and 0.550, 
respectively. The reduction of the pressure ratios Is due 
to the Increase In wetted surface area and chamber volume. 

If longer chamber lengths are needed to Increase particle 
residence time within the chamber, greater nressure ratios 
can be obtained by Increasing the Inlet mass flow rate and 
adjusting the exit and exhaust areas (to eliminate the 
possibility of choking). 

Second Generation Chamber . The first set of results 
obtained using the second generation chamber are shown In 
Figs. 42 and 43. The results Indicate significant Increases 
In both pressure ratios compared to the highest valuse ob¬ 
tained with the first generation chamber. The msixlmum 
pressure recovery and overall pressure ratio Increased 
approximately 22*^ and 30^, resoectlvely (compare Pigs, 42 
and 43 with Figs. 4o and 4l, respectively). The values of 
the maximum overall pressure ratio and pressure recovery 
for the second generation chamber having an Inlet pressure 
of 225 pslg are 30.00 and 0.840, respectively. Since Pig. 

42 Is the result of using a 9/64 in diameter center pres¬ 
sure tap (P,^) the above overall pressure ratio Is extremely 
conser'''atlve (See Fig. 44). The large Increases In both 
pressure ratios for the second generation chamber are 
merely the experimental verification of the discussion 
In the section entitled "Method of Injection". 
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Flow Vlsuallzatlon > Still photographs obtained from 
high speed motion picture film (7,000 frames/sec) taken at 
Inlet nressures of 100, 200, and 300 pslg are shown In 
Figs. 45-47, respectively. The flow visualization section of 
this Investigation consisted In the use of high speed photo¬ 
graphy, as well as visual Inspection of the flow patterns. 
Flow visualization was made possible by Injecting talcum 
powder Into the gas flow In a single cell visual chamber. 

The high speed motion pictures were then taken, and the 
resulting film was studied. The results of those studies 
showed t 

1. The flow is a spiral vortex. 

2. The velocity of the secondary flow pattern 
Increased with Increasing chamber Inlet pres¬ 
sure. Teats were made at 100, 200, and 300 
pslg. It was easily seen from the motion 
pictures that as the inlet pressure was In¬ 
creased (from 100 to 300 pslg) the rotational 
velocity of the flow Increased, 

3. As the Inlet pressure Is Increaced (from 100 
to 300 pslg) the particles are able to pene¬ 
trate to a smaller radius; however. It was 
observed that although the particles pene¬ 
trated to a smaller radius they were quickly 
centrifuged outward. For the 100 pslg Inlet 
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pressure test the particles did not penetrate 
to as small a radius as for the 200 pslg or 
300 psig tests, but they remained at some 
larger radius for a longer period of time 
before being centrifuged outward. 

4. No particles could penetrate beyond a certain 
void region. This was observed In the motion 
picture film, and can also be seen In Pigs, 45, 
46, and 47 . 

At Inlet pressvires of 100, 200, and 300 pslg the respective 
diameters of the void region were 0.24 in, 0.22 in, and 0.20 
In {+ 0,005 in). These distances were measured during ob¬ 
servation of Individual frames of the motion picture film. 

The decreases mentioned above (3) cannot be Inferred In the 
case of the dual cell swirl chamber w.iere a solid boundary 
Is not present. When a solid boundary Is not present, 
frictional losses are a minimum due to the syimnetrlcal flow 
pattern. The particles In this region retain high angular 
velocities, and It Is likely that centrlfiagal forces are 
greater than those created by the high overall pressure 
ratio. If this Is the case then the higher the Inlet pres¬ 
sure, the larger the minimum radius of particle penetration. 
When a solid boundary Is present the boundary layer buildup 
and frictional losses tend to slow the particles. Con¬ 
sequently, the overall pressure ratio becomes the dominant 
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force rather than the centrifugal force. This being so, 
the higher the Inlet pressure, the smaller the radius of 
particle penetration. 

During the flox^ visualization test runs, exhaust gas 
samnles were collected and examined under a microscope. 
Limitations of the available microscopes prevented an exact 
measurement of the exhaust particle size, but Indicated they 
were of a sub-micron nature. The original particles (talcum) 
X'jfere reduced In size due to friction within the chamber. 

Axial Pressure Probes . During the course of testing 
attempts were made to obtain axial static and total nressure 
profiles In the first and second generation chambers; how¬ 
ever, no results were obtained since all probes failed 
before a total Inlet pressure of 100 pslg was achieved In 
the chamber. Failure was of two tyresx 

1, Extreme probe vibration, making it Impossible 
to obtain readings of any value, 

2. Probe structural damage due to its extreme 
vibration. 
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VII. Conclusions 

The results of this Investigation Indicate some of 
the variables that Influence the effectiveness of sub-micron 
particle separation In a high pressure swirl chamber. Also, 
they demonstrate that the swirl chambers tested are capable 
of developing high overall pressure ratios needed for sub- 
micron particle separation. 

The geometrical modifications of the first generation 
chamber increased the overall pressure ratio and nressure 
recovery from approximately 10 and 0,35 to 30 and 0 , 60 , 

Tests on the second generation chamber resulted in values 
of overall pressure ratio and pressure recovery of approx¬ 
imately 35 and 0.85. 

The specific conclusions of this experimental Invest¬ 
igation are* 

1. The bleed diffusers substantially Increase 
the overall pressure ratio and pressure 
recovery when compared to the blank diffusers. 

2. The diffuser spacing must be varied, for each 
Inlet condition, to obtain optimum chamber 
performance. 

3. Minimizing the wctted-area at small radii 
Increases the pressure ratios. 

4. The nozzle hole diameter must be matched to 
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the chamber volume for optimum performance. 

5. The dual cell chamber Is superior, from a 
performance standpoint, to the single cell 
chamber. 

6. Prom the results of the flow -visualization 
studies It Is apparent that In the range of 
testing, 0 pslg to 300 pslg, the rotational 
velocity Increased with an increase In over¬ 
all pressure ratio. 

7. Prom the exhaust particle samples obtained 
during testing of the visual chamber. It 
appears that the dual cell swirl chamber Is 
basically capable of separating sub-micron 
particles from a gas flow with a high mass 
flow rate (l.e., one Ibm /sec). 
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VIII. Recommendations 

The recommendations for future testlnc of the high 
pressure swirl chambers are divided into three sections 
as follows: (1.) Additional chamber modification, (2.) 

Plow pattern mapping, (3«) Separation capability of the 
chambers• 

Additional Chamber Modification 

The results of the investigation Indicate that the 
exhaust cylinder ID should be varied so that optimum 
chamber performance can be obtained over the entire range 
of the mass flow ratio. As shown in the results, the 
curves of overall pressure ratio and pressure recovery 
tend to Increase or decrease rapidly at the high and low 
mass flow ratios • By varying the ex¬ 

haust cylinder ID, these curves would tend tow:;rd the limit¬ 
ing case of constant values for overall pressure ratio and 
pressure recovery over the entire range of itass flow ratio. 
For this reason, exhaust cylinder inserts must be fabri¬ 
cated to determine the effect the exhaust area has on the 
various pressure ratios. Since it is expected that the 
exhaust inserts must be changed for each particular Inlet 
mass flow rate and mass flow ratio, it would be desirable 
to fabricate a variable exhaust insert for ease in testing 
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the chambers 

Flow Pattern Mapping 

To further Improve the sub-micron particle separation 
capability of the swirl chambers It is necessary to deter¬ 
mine the exact flow pattern within the device. To assist 
future investigations, three means of flow pattern mapping 
are suggested| they are: 

1. Axial static pressure probes. 

2. Radial static pressure nrobes. 

3. Flow visualization. 

The axial static pressure probes must be rigidly supported 
in tension and measure approximately 3/16 In ID x .020 In 
ID to Insure sufficient strength, and keep the flow distur¬ 
bance as small as possible. The radial static nressure 
probes should be Inserted through the center disk flange 
and rigidly supported In tension. The radial probe dimen¬ 
sions should be approximately l/l6 In ID x 0.010 In ID to 
minimize flow pattern disturbances. 

Glass windows mounted on the periphery of the swirl 
chambers could be used to trace gross particle movements 
within the device. The particle movements could be deter¬ 
mined through the use of high speed motion pictures or 
stroboscopic photograohlc techniques. 

Separation Capablllty of the Chambers 

As a means of testing the particle separation capa- 
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blllty of the chambers, the following method Is suggested; 


1. Close exits, and optimize the overall pressure 
ratio. 

2. Inject talcixm powder at an axial sub-atmos¬ 
pheric pressure position. 

3. Collect exhaust samples on glass slides for 
microscopic examination to determine the 
size of the particles that escape from the 
chamber through the exhaust. 
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V = Particle Velocity 

U = Plow Velocity 
"W = Particle Drift Velocity 
■R = Radius of Curvature of Gas Plow 
Rp = Radius of Curvature of Particle Plow 


Pig. 9 Sketch of Plovi Velocities In Two Phase Flow 
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Flow from TarJ: Farm- 

Pressure Regulator _ 

Swirl Chamber_ 

Flow Sxhaust _ 

Exit Venturi (0,650" x 0.375'') 

Exit Control Valve_ 

Flow Exit_ 

Exhaust Thru Bleed Diffuser_ 


Fig. 1.0 Flow Diagram of Qualitative Testing Apparatus 
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Plow from Tank Farm- 


Pressure Hegulator- 

Inlet Venturi (1.257" x 0.750"). 


Swirl Chamber. 


Flow Exhaust. 


Left Exit Venturi (0.875" x 0.500")_® 

Eight Exit Venturi (0.840" x 0.500")_® 

Exit Control Valve_ Q) 

Flow Exit... i2) 


Flow Exit. 


Exhaust Thru Bleed Diffuser_ 


Fig, 12 Flow Diagram of Quantitative Testing Apparatus 
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PlSr 15 Inserts for First Generation Chamber 



























Internal View 


Fig. 16 First Generation Chamber With g-Insert 
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Internal View 

Pls .18 First Generation Chamber With 1-Insert 
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Errtcrnal View 



Internal View 

?l5,21 Second Generation Chamber 
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Fig. Effect of Diffuser Gap Spacing on 
the Pressure Recovery 












Ovaral? Pressure Ratio 


iiiiiiiiiiiililliiiiiiiliiilii 





o Bleed Diffuser with l/l6 In Spacing 
O Bleed Diffuser with 1/32 In Spacing 
^Blank Diffuser with 1/6 in Spacing 
I ABlank Dlffurjer with 3/32 in Spaclivg 




““""“liliiii 









85 
































Pressure Recovery 


GAVMFy6I|.~ltj. 


yUHtttHtitm 




SSKSSaSSaSSSSiSiSSaSSeSSSSSSSSS 


o.l<5 


:::::::::::: 






O.b-O 


t o Bleed Diifuser with l/l6 In Spacing 
I A Bleed Diffuser with lA2 In Spacing 
I ^Blank Diffuser with 1/8 In Spacing 
I □ Blank Diffuser with 3/32 In Spacing 


. ■■■S' 


0,35 


0.30 


0,25 




0.20 


Exit Venturi Differential Pressure (pal) 


3 ^ Pressure P.ocovery for Blank and 
Bleed Diffusers 


86 

















Overell Pressure Ratio 
















■ ■(HI 

■ ■■■■ 
■■■n 

UBBI 




















87 





































Pressure Recovery 


/ 


aAVM^61|.-ll4. 



Ratio of Inlet to 


EixLt Mass flow Rates 


Pl6* 37 Pressxire Recovery for 3/32 in and 
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Appendix 3 

Swirl Chamber Identification Code 


and 

Graphical Data 
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3vrlrl Chp,niber Identification Code 

Due to the extensive ameunt of modlflontlori and test¬ 
ing on the first generation swirl ohnmber, n code vJas devel¬ 
oped to fr.cllltate identification of the various tests. The 
code for the flrsu ^enaration sreirl chamber has eir;ht 'proup- 
Incs, 1 typical iiode Is 

D-l/l6-a-I-’3-l/l6-239.3-1 

The :^rouplnr;s are respectively: 

1. Chamber type 

D-dual cell svrirl chamber 
3-sln.<3le cell svrirl chamber 
V-sln^le cell visual svrirl chamber 

2. ::o 2 zle rlni' type 

l/l6-one-3lxteenth Inch nozzle throat 
diameter; el^ht nozzles per rinp;. 
3/32-three-thlrty second Inch nozzle 
throat diameter; elp;ht nozzles per rinn* 
l/3-one-ei3hth Inch nozzle throat diameter 
slsht nozzles per rin^. 

3. Chamber insert size 

a-1 13/16 "ID X 3 1/3' Lons 

b-1 13/16 "ID X 5 1/3" Lons 

c-1 13/16 "ID X 7 1/3" Lons 
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d-2 13/16 "ID X 2 9 / 16 " Lon- 
c-2 13/16 "ID X 9/16" Lon- 
f-2 13/16 "ID x 6 9/16” Lone 
r;-3 '?/l 6 "ID X 2 3/16" Lone 

h -3 9/16 "ID X 4 3/16" Lone 

1-3 9/16 "ID X 6 3/16" Lon,e 

Internal method of exltln- fluid (See Ftes. 

? and 3 ). 

1 -flrst exitln- position 
Il-second exitine position 
Tyne of radial exhaust diffuser 
3-t)leed diffuser 
i:-blan.’< diffuser 

Diffuser vjo.ll spacine—the distance, In 
inches, betT-reen the admission chamber and 
the radial exhaust diffuser (See rle* 11)• 
Total inlet pressure to the svjlrl chamber 
in psla. ^ 

I’.let -eometry modifications—each hlr^ner 
number Includes the preceedlr- modifications 
(See F1-. 11). 

0~GXhaust nose lip shaved off. 

1 - nozzle holes reamed and oollshed. 

2 - llps on nozzle rin 5 half shaved off. 

3 - llps on nozzle rlnj;^ completely removed. 





^i-no’^slo rl.n' 




tn^'or Inov 


5-o:r'-i''u::t c/llr.rler n’lorl'. 

For the ecconi.1 “cncrr.tlo i cli'^r'-hor the r 
"ro’V'ln.^G r.nc) the lest ''roiv:> ri'c rt'ro'’]: the 
tlin cl'zt!-! c.n^. seventh ^roipln:' rrc used to 
tests on the soconc* "cnore.t’on chenher. 


eeser' . 
ened . 

Irst five 
eforo, only 
Identify 
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List of Grn.-nhlQal Data 


g\:i/iie/64-i4 


Fi'^ure 


Qu; 


60 

61 
62 

63 

64 

65 

66 
67 
63 

69 

70 

71 

72 

73 

74 

75 

76 

77 


Face 

■litatlve Graal'ilcal Data—Perfornance 
Paranaterr. as a Punction of the Pxit 
Venturi Differential Pressure 


B-l/l6-s-I-D-l/<’-239.2-.0 . 

• 

9 

9 

• 

• 

Q 

• 

9 

9 

. 121 

D-1/16-C-I-3-1/3-314.2-0 . 

• 

• 

• 

• 

• 

• 

• 

9 

9 

. 122 

D-I/I6-S-II-2-I/8-.239.3-O 

• 

• 

• 

• 

• 

• 

• 

9 

9 

. 123 

D-1 /i 6-:^-II-3-1/3-314.3-0 

• 

• 

• 

• 

• 

• 

9 

9 

9 

. 124 

D-.I/16-,3-11-3-1/8-239,3-1 

• 

• 

• 

• 

• 

• 

9 

9 

9 

. 125 

D-1/16-3-II-B-1/8-314.3-1 

• 

• 

• 

• 

• 

• 

9 

9 

9 

. 126 

D-I/I6-.3-II-E-I/8-239.2-2 

* 

• 

• 

• 

• 

• 

9 

9 

9 

• 127 

D-1/16-3-II-B-1/3-314.2-2 

• 

• 

• 

• 

• 

• 

9 

9 

9 

• 128 

D-I/16-3-II-B-I/8-239.3-3 

• 

• 

• 

• 

♦ 

• 

9 

9 

9 

. 129 

D-I/16-3-II-B-I/8-314.3-3 

• 

• 

• 

• 

• 

• 

• 

9 

9 

.130 

D-1/16-3-II-3-I/8-239.3-4 

9 

• 

• 

• 

• 

• 

• 

9 

9 

.131 

D-1/16-3-II-3-1/8-314.3-4 

9 

• 

• 

• 

• 

• 

• 

9 

9 

.132 

D-1/16-3-T.I-3-1/8-239.4-5 

9 

• 

• 

• 

• 

• 

• 

9 

• 

•133 

D-l/16-r: .11-3-1/8-314.4-5 

9 

• 

• 



• 

9 

9 

• 

.134 

D-I/I6-3-II-2-I/I6-239.4-5 


• 

• 

• 

• 

• 

9 

9 

• 

.135 

D-l/l6-,3-II-E-l/l6-3i4.Zi_5 


9 

• 

• 

• 

9 

• 

9 

• 

.136 

D-I/I6-3-II-3-I/32-239.3-5 


9 

• 

• 

• 

• 

• 

9 

9 

•137 

D-i/l6-,3-ll-B-l/32-3l4.3-5 


9 

• 

• 

• 

• 

9 

9 

9 

.138 
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